Knock is an abnormal and stochastic combustion phenomenon which limits the efficiency of spark ignition engines. It occurs because of autoignition initiated locally in hot spots in the fuel/air mixture ahead of the advancing flame front. The onset of knock is governed by chemical kinetics and is determined by the pressure and temperature history of the hot spot and the anti-knock quality of the fuel. Knock intensity is governed by the evolution of the pressure wave set off by the initial autoignition. As engine designers seek higher efficiency through downsizing and turbocharging, occasional extremely intense knock, 'superknock', is found to occur, even though operating conditions are chosen to avoid knock. Superknock is a manifestation of developing detonation which can be triggered by autoignition of the fuel/air mixture at high pressures and temperatures. Another stochastic phenomenon, preignition, is necessary but not sufficient to enable the pressures and temperatures that could cause superknock. These phenomena are discussed in this review.
Introduction
Transport is very important in modern society and accounts for about 20% total global energy used. Around 85% of the 1.1 billion or so passenger cars in the world are powered by spark ignition (SI) engines running on gasoline though a large proportion of passenger cars in Europe run on diesel engines. The daily global demand for gasoline, which accounts for about 40% of global transport energy demand, is large -over 4.7 billion litres. 1, 2 In SI engines, fuel and air are premixed, compressed and energy release takes place via an expanding turbulent flame which is initiated by an electric spark. The temperature and pressure in the unburned mixture ahead of the flame front, the end-gas, increase as combustion progresses. The mixture is never truly homogeneous even when fuel and air are fully premixed, primarily because of turbulent mixing of hot gases in the cylinder with the fresh charge and 'hot spots' exist. Autoignition centred round one or more hot spots is initiated depending on the pressure/temperature history and the anti-knock quality of the fuel. Autoignition and hence knock also become more likely if there is more time available for chemical reactions in the endgas, for example at low engine speeds and/or in large engines.
Much of the chemical energy contained in the endgas could be released rapidly by autoignition causing a sharp pressure rise and standing pressure waves inside the cylinder. In fact, knock is the name given to the resultant sound caused by the vibration of the engine. 3 Knock intensity (KI) is commonly characterized by the maximum peak-to-peak amplitude of the knock signal which is obtained by filtering the in-cylinder pressure signal to eliminate high-and low-frequency components. We will use this definition of KI in this article. A typical pressure signal and a knock signal from a knocking cycle, redrawn from Kalghatgi et al., 4 are shown in Figure 1 . High-intensity knock can cause engine damage. Hence, the primary operating strategy in SI engines is to avoid knock.
However, most approaches taken to improve efficiency and power density in SI engines increase the maximum pressure and temperature in the engine and make knock more likely. Thus, with a given engine, fuel and operating condition, knock might prevent the engine being run at the spark timing (ST) which gives the best efficiency. 3, 5 Similarly, the scope for increasing the compression ratio (CR) and for turbocharging allied with downsizing on a given fuel is limited by knock. If the knock resistance of the fuel, conventionally characterized by RON and MON (Research and Motor Octane Numbers), is increased, knock can be mitigated and efficiency can be increased.
Even when engine operating conditions are chosen to avoid knock, extremely high-intensity knock events, informally described as 'superknock' or 'megaknock', are found to occur occasionally in turbocharged engines. Superknock is attributed to developing detonations (DDs) where the pressure wave set off by the autoignition is strengthened by the autoignition reaction front [5] [6] [7] and limits the scope for turbocharging and hence, for downsizing. The conditions required for a DD are only made possible by another stochastic, abnormal combustion event, preignition, where a stable flame is established before the spark plug fires.
This article draws on previous publications by Kalghatgi and colleagues 1, 4, 5, 7, 8 to discuss these abnormal combustion phenomena which limit SI engine efficiency. Combustion and pressure development in SI engines are governed by the stochastic processes influencing SI and turbulent flame development and are marked by large variations from cycle to cycle. 3, [9] [10] [11] [12] Consequently, knock onset and knock intensity also show significant cyclic variations. 4, 13 This article also draws attention to the stochastic nature of knock and superknock, which in particular, needs to be understood and described in probabilistic terms.
Knock in practical engines and fuel anti-knock quality
The different experimental parameters defining knock are not truly objective measures, are unavoidably based on subjective assumptions but are useful for comparative studies, for example, on the effects of engine operating conditions on knock. For instance, the amplitude of the knock signal ( Figure 1 ) and hence, KI, depends on the smoothing window used, the pressure sampling resolution and the frequency response of the pressure measurement system used. A threshold also has to be arbitrarily chosen to define a knocking cycle -in Kalghatgi et al., 4 only those cycles with KI . 0.5 bar were considered to be knocking. Similarly, a threshold has to be chosen to define knock onset in an individual cycle -in Kalghatgi et al., 4 the crank angle (CA) at knock onset, CA ko , was arbitrarily defined as the CA position when the knock signal ( Figure 1 ) first deviates from zero by 0.05 bar.
In a typical engine knock experiment, with the engine running at a fixed speed, throttle setting and mixture strength, the ST is varied and KI, averaged over a few hundred cycles, is measured. Figure 2 illustrates that the mean KI increases as ST advance from top dead centre (TDC) is increased for two fuels of different octane numbers -the data are from Kalghatgi 14 and the single-cylinder engine was running at 2000 r/min with a fully open throttle. In fact, as ignition timing is advanced, the incidence of knock in terms of the ratio of the number of knocking cycles, that is, cycles with KI above the threshold value, to the total number of cycles also increases. 4 The spark advance when the average KI reaches some threshold value is known as the knock limited spark advance (KLSA) and is commonly used as a measure of the knock resistance of a fuel in engine experiments. At the condition considered (Figure 2 ), the fuel with the higher RON of 98.3 has greater knock resistance because it has a higher value of KLSA. Figure 3 shows brake torque plotted against ignition timing corresponding to the data in Figure 2 . The torque is maximum at a given speed and throttle setting at minimum spark advance for best torque (MBT) timing which is 12 crank angle degrees before top dead centre (CAD BTDC) for the condition considered. The torque at KLSA is the knock limited torque (KLT). In Figure 3 , the 94.1 RON fuel is more 'knock limited' because it has to be run further from the MBT timing 14 and has lower KLT compared to the higher octane fuel to avoid high knock intensities ( Figure 2 ).
Modern high-performance engines are usually equipped with knock sensors. If knock is detected, the engine management system (EMS) takes corrective action, usually by retarding the ignition timing, and this causes a reduction in power; in turbocharged engines, such corrective strategy might also include the reduction of the boost pressure. The engine is operated at the optimum ignition timing as often as possible. In such vehicles, if the anti-knock quality of the fuel is increased, the chances of knock are reduced and performance can be improved up to a limit and either the constant speed power or an acceleration time can be used as measures of the anti-knock quality of the fuel.
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Gasoline anti-knock quality -octane index and the K value Gasoline anti-knock quality is traditionally measured by RON and MON in tests that are conducted in the single-cylinder CFR (cooperative fuel research) engine, in accordance with the procedures set in ASTM D2699 for RON and ASTM D2770 for MON. 24 The most significant difference between the tests is that the intake temperature is 52°C for the RON test but 149°C for the MON test. Figure 4 shows the pressure and the estimated temperature in the unburned gas in the RON and MON tests. 23 The temperature in the unburned gas when the pressure is 15 bar, T comp15 was introduced in Kalghatgi 23 to characterize the actual temperature/ pressure trajectory the unburned gas actually follows.T comp15 depends on engine design and operating conditions such as intake temperature and pressure and could be very different from the trajectories shown Figure 4 for the RON and MON tests. RON and MON are among the most important properties of a gasoline since the manufacture and marketing of transport fuels is greatly influenced by the requirements to meet RON and MON specifications. The octane scale is based on iso-octane and n-heptane and their blends are known as primary reference fuels (PRFs). The RON or MON of the gasoline is the volume percent of iso-octane in the PRF that matches the gasoline for knock in the RON or MON tests. A typical gasoline has a higher RON number than MON number, and the difference between RON and MON is known as the sensitivity, S. Practical fuels for SI engines have RON ranging from 90 to 100 with sensitivity in the range of 7-12 while PRFs have S = 0. However, the true anti-knock quality is best described by the octane index, OI-equation (1) 5,8,23
OI is the octane number of the PRF that matches the test fuel at any given condition for knock or autoignition. Thus, a gasoline with RON of 95 and MON of 85 could have an OI of 100, that is, match PRF of 100 octane if the K value is 20.5 but under other operating conditions, could match a PRF of 90 octane; then the value of K would be +0.5. The value of K depends only on the pressure/unburned temperature trajectory followed by the fuel-air mixture during the engine cycle as determined by the engine design and operating condition. By definition, K is 0 at the RON test condition and 1 at the MON condition. The only significance of the parameter K is to help describe the change in knock behaviour of a sensitive, that is, a non-PRF fuel compared to PRF fuels in a systematic way. It does not explain why a sensitive fuel matches different PRFs when subjected to different pressure and temperature histories. Such explanation is not entirely clear at the moment but should be rooted in how the chemical kinetics of a sensitive fuel differ compared to PRFs at different pressure and temperature conditions. Any engine combustion or vehicle performance parameter that is determined by autoignition and knock such as KLSA or knock limited power or acceleration time in a knock sensor equipped vehicle, scales much better with OI using an appropriate K value even if it shows poor correlation with RON or MON. 5, 22, 23 This is illustrated in Figure 5 (a)-(c) using the full throttle vehicle tractive effort (the power at the wheels) at 1500 r/min in fourth gear for a car equipped with a knock sensor; the data are from Table 5 of Kalghatgi et al. 22 The car was tested on different fuels of different RON and MON on a chassis dynamometer. 22 The power at the wheel increases as the anti-knock quality of the fuel increases and correlates best with OI with a K value of 20.51 ( Figure  5 (c)).
The pressure at a fixed temperature 5 has increased as power density and efficiency of SI engines have improved with time. At such conditions, a gasoline becomes relatively more resistant to autoignition compared to PRF because it contains components such as aromatics, oxygenates and olefins that behave in this way. Engines have moved away from the MON test condition, in the direction of the arrow in Figure 4 , over the past century and the importance of MON has decreased. 23, 25 In fact, modern engines, including boosted engines, have moved 'beyond RON' so that K is negative, and a fuel of lower MON for a given RON has better anti-knock quality at operating conditions where knock limits their performance. 5, [14] [15] [16] [21] [22] [23] [25] [26] [27] [28] This trend is set to continue with further downsizing and turbocharging. Fuel specifications (e.g. in Europe and U.S.) which assume that higher MON is good for gasoline anti-knock quality will need to be revised to make them relevant to the requirements of modern engines. In countries such as Japan and Saudi Arabia gasoline is specified by RON alone and this is more appropriate for modern engines. An additional minimum MON specification should not be introduced in such countries.
Another suggestion 29 has been to use the RON test as it is but change the scale from PRF to one based on toluene and n-heptane blends -toluene reference fuels (TRFs). Then specify gasoline anti-knock quality by the toluene number (TN), the volume percent of toluene in the TRF that matches the gasoline in the RON test. TRFs have sensitivities comparable to gasolines at comparable RON and hence if they match the gasoline in the RON test, will have OI comparable to that of the gasoline at different K values. However, a mixture of toluene, iso-octane and n-heptane -toluene/PRF (TPRF) -can be found to match both RON and MON 30 and can be used as an appropriate surrogate to 
Knock onset
Most knock studies focus on knock onset since the primary concern in SI engines is to avoid knock. Knock onset is determined by chemical kinetics as the pressure and temperature in the end-gas increase with CA.
Knock and chemical kinetics
Westbrook 32 has reviewed the chemical kinetics of autoignition leading up to autoignition and knock onset. As the pressure and temperature increase in the end-gas, initiation reactions generate radicals from stable species. Knock onset occurs when chain reactions cause an exponential growth in temperature leading to the eventual consumption of the fuel to release its chemical energy as sensible energy. Different reactions become important at different pressures and temperatures. Westbrook 32 argues that autoignition in engines is dominated by one reaction, namely the decomposition of H 2 O 2 to produce OH radicals, and that this temperature range, when the main heat release occurs, is between 900 and 1000 K. 32 However, this temperature depends on the pressure history of the end-gas as well and could be lower under higher pressure conditions. 4, 5 The chemical reactions at lower temperatures and pressures determine when this final stage is reached during the engine cycle.
Reaction mechanisms consisting of thousands of reactions for combustion chemistry starting with simple fuels and then moving on to larger molecules have been built. [33] [34] [35] Such models cannot be perfectly accurate because of the uncertainties in the reaction rate constants and their temperature and pressure dependences. They have to be calibrated using experimental data and can be used to interpolate and extrapolate chemical behaviour. Reduced or simplified chemical models attempt to select the reactions of critical importance for the particular application. 36, 37 Such models have a more limited representation of real chemistry but can be tuned by comparison with experiments for a given fuel and a given application. Then, they can be used to predict autoignition phenomena such as knock at other experimental conditions.
The autoignition chemistry of PRFs has been studied extensively. Practical fuels contain a large number of chemical compounds 5 whose chemistry is very different from that of PRF. Development of models that represent all these components is not practical because the model would be too large for current computational resources and also because the fundamental data needed for development of such a model such as chemical kinetic rate constants, reaction paths and thermodynamic parameters are not available. Hence, a 'surrogate fuel', defined as a fuel composed of a small number of pure compounds whose behaviour matches the target practical fuel in terms of combustion and emissions characteristics, is used to represent practical fuels. 38 The chemical kinetic mechanisms for such surrogates are being developed. [39] [40] [41] However, the full kinetic models even for surrogates are too large to be coupled with flow and flame development models for use in computational engine models; a model for a surrogate with five components in Naik et al. 39 has 1328 species and 5835 reactions. Andrae et al. 40 describe a semi-detailed mechanism for a mixture of PRF and toluene with 137 species and 633 reactions but even this is too large to be coupled to an engine model. Experiments have to play a central role in the study of autoignition and knock and further simplification of the knowledge gained from chemical kinetics is desirable and possible if the aim is the simple prediction knock onset in the engine rather than understanding the detailed chemistry of processes leading up to knock.
Ignition delay and the Livengood-Wu integral
The ignition delay, t i , is the time taken for autoignition as marked by heat release at a given temperature and pressure. 3, 5, 32 It is measured in rapid compression machines or shock tubes and chemical kinetic models aim to predict ignition delay at different pressures, temperatures and equivalence ratios. The lower the value of t i , the more reactive is the mixture. For a given fuel, the ignition delay changes with temperature and pressure and also depends on equivalence ratio. Chemical kinetic models of autoignition are usually calibrated using experimental values of ignition delay. 32 It can be expressed, for a fixed equivalence ratio, as a function of temperature, T, and pressure, P, in general as 5, 8 
Here, t i0 is the ignition delay measured at a given temperature, T, at a pressure of P 0 and n is a constant. The fuel/air mixture will have a different value of t i at each point during the engine cycle. It is then hypothesized that autoignition occurs when the integral (LivengoodWu integral) of the reciprocal of t i with time, t, reaches unity (equation (3))
In general, for a set pressure, as temperature increases, ignition delay decreases, that is, reaction rate increases, except in a temperature range roughly between 700 and 900 K depending on the fuel and the pressure, where t i can actually increase. This region is known as the negative temperature coefficient (NTC) region and is important in explaining why RON is greater than MON in gasolines. 42 The response to changing pressure is also different for different fuels. For instance, the value of n, in equation (2), is around 1.7 for PRF while it is around 1 or less in non-PRF fuels which show octane sensitivity 5, 23 in the pressure/ temperature regime where the ignition delay is low enough to contribute significantly to the LivengoodWu integral. The chemical kinetic reasons as to why this should be so, are not fully understood. Such fuels become relatively more resistant to autoignition compared to PRF (i.e. t i decreases less) as pressure increases for a fixed temperature. This trend is consistent with the empirical observation that the value of K in equation (1) decreases, that is, the OI of sensitive fuels increases, as engine operating conditions move in the direction of the arrow in Figure 4 .
Knock onset prediction using a simple model for ignition delay
The composition of the TPRF surrogate to match both RON and MON of a gasoline can be found from the procedure outlined in Kalghatgi et al. 30 In Kalghatgi et al., 30 t i was calculated for different pressures and temperatures using the kinetic model from Andrae et al. 40 for such a surrogate for a gasoline used in knock experiments. A further simplification is possible for engine applications if the aim is to only predict knock onset rather than understand the detailed chemical kinetics leading up to knock. An Arrhenius type equation with a pressure correction can be fitted to these kinetically derived data by ignoring larger values of t i (greater than 15 ms in Kalghatgi et al. 30 ) and t i can be modelled by
In an engine running at 1500 r/min, a time step of 15 ms is equivalent to 135 crank angle degrees (CAD) and a one CAD step contributes little to the integral in equation (3) 30 These data were used in Kalghatgi et al. 31 to define the constants in equation (4) as functions of RON and sensitivity, S, in the generic form of equation (5), with the constants in equation (5) as listed in Table 1 for RON \ 100
with X = RON + uS. Y can be A, B or n in equation (4). For RON greater than 100, equations based on TN and described by an equation of the generic form of equation (6) , with constants as in Table 2 can be used to calculate the constants in equation (4) .TN is the volume percent of toluene in a toluene/n-heptane mixture and can be related to RON by the method described in Kalghatgi et al.
with X = TN/100. In order to calculate the ignition delay to estimate the Livengood-Wu integral, measured pressure was used in Kalghatgi et al. 30, 31 and the temperature in the hot spot was estimated as a function of CA in the following way. The value of T comp15 , the bulk gas temperature during the compression stroke when the pressure was 15 bar was calculated using the volume (V) in the cylinder when the measured pressure(P) reaches 15 bar, the estimated value of the total number of moles, m, in the cylinder (air, fuel, residuals) and using the ideal gas equation (PV = mRT). The number of moles of air and fuel was from measured flow rates and the moles of residuals were estimated. Incidentally, the temperature could be anchored at a fixed CA during the compression stroke rather than at 15 bar. T comp15 was chosen as the starting point simply to be consistent with our Table 2 . Constants to calculate A, B and n in equation (4) for RON . 100 using equation (6) . previous work. 23 It was then assumed that the temperature in the centre of the hot spot at this pressure of 15 bar was higher than T comp15 by DT. Assuming adiabatic compression, P, is related to V, by
The temperature, T in the hot spot, at any pressure, P (in bar), is given by
The exponent y was estimated from plotting log P versus log V, during the last 25 CAD of compression before ignition, and an average value of 1.31 was used in all the calculations. With the inlet boosted, DT was assumed to be 30 and 10 K otherwise.
Such assumptions to estimate the temperature evolution in the hot spot are unavoidable in all knock studies. So there is unavoidable uncertainty about the temperature evolution in the hot spot as well as the accuracy of ignition delay equations. There is also an inevitable uncertainty about the accuracy of the ignition delay estimations. However, with the assumptions described above, for six different gasolines at nine different operating conditions and many individual knocking cycles, there was excellent agreement between experimentally observed knock onset and that estimated from the Livengood-Wu integral. 30, 31 This is illustrated in Figure 6 for 150 knocking cycles with five different fuels and three different operating conditions from Kalghatgi et al. 31 The approach described here could be included in simple simulation packages such as GT -power to predict knock onset to aid design studies.
Knock intensity
The analysis and experimental results discussed in this section are from Kalghatgi et al. 4 Knock intensity, KI, is defined here as the difference between the maximum and minimum of the knock signal. It is determined by the evolution of the pressure wave with time following autoignition in the hot spot, that is, knock onset. Bradley and colleagues, 6, 43 Pan et al. 44 and Bradley et al. 45 have shown, based on the work by Zeldovich 46 and Oppenheim, 47 that the development of the pressure wave is dependent on the velocity, u a , of the autoignition wave as it traverses through the hot spot and is given by
Here, x is the distance from the centre of the hot spot. The critical parameter, 'the resonance parameter', j, is the ratio of the local speed of sound, a, to u a , that is,
The speed of sound is given by
where g is the ratio of specific heats and R is the specific gas constant. A fixed value of 375 m 2 s 22 K 21 for gR was assumed in Kalghatgi et al. 4 From equation (4), the gradient of ignition delay with temperature is
So that from equation (9)
Note that the gradient of temperature with distance in equation (13) is negative because the temperature in the hot spot is high at the centre and decreases away from the centre. Bradley and Kalghatgi 48 showed that when u a is small, the maximum amplitude of the pressure pulse, DP max , following autoignition can be approximated by
Also, by our definition of KI, we assume
Hence, from equations (10), (11), (13)- (15), we get
where Z is given by Figure 6 . Predicted versus observed crank angle at knock onset from Kalghatgi et al. 31 In the legend, A1 stands for Fuel A, Condition 1 and so on. Details in Kalghatgi et al. 31 Also
Since T is a function of P (equation (8)), for a given operating condition, Z is only a function of pressure, P. Figure 7 shows Z plotted against measured pressure at knock onset, P ko , for individual knocking cycles for five fuels tested in Kalghatgi et al. 4 -the single-cylinder engine was running with fully open throttle at 1500 r/min with the intake pressure at 1.65 bar absolute (Condition 3 in Kalghatgi et al. 4, 31 ). Further details about the fuels and the experiments can be found in Kalghatgi et al. 4, 31 Z increases with P ko and the higher the RON, the lower the value of Z at a given P ko . Thus, all else being equal, from equation (16) , knock intensity will be lower for a higher RON fuel. The variation along the P ko axis in Figure 7 for a given fuel comes from stochastic processes governing cycle-to-cycle variations in ignition, flame development and evolution of the hot spot. The temperature gradient in equation (16) also varies stochastically because of turbulent mixing and varies from cycle to cycle. Hence, KI also varies stochastically and does not correlate with CA, pressure, temperature 4, 49 or unburned mass fraction 49, 50 at knock onset.
Evolution of the temperature gradient in the hot spot
From measured values of KI and the value of Z from the measured value of P at knock onset (P ko ), (∂T/∂x) 51 or its reciprocal (∂x/∂T) 4 was calculated for a large number of knocking cycles using equation (16) . In these calculations, T was in K, t i was in ms, a was in m/s, and hence, (∂T/∂x) was in K/mm. There are many unavoidable sources of uncertainties in such calculations originating from assumptions about estimating the temperature in the hot spot, the dependence of the measured knock intensity on the frequency response of the measurement system and the filtering parameters used in establishing the knock signal in Figure 1 , uncertainties about the accuracy of the ignition delay equations and the accuracy of equation (14) . We also assume that there is only one hot spot. Nevertheless, these estimates can be used for making qualitative judgements.
The CA at knock onset, CA ko , can be varied at a given engine speed by varying the ST, intake pressure and temperature and the fuel anti-knock quality. 4, 51 Figure 8, redrawn from Kalghatgi et al., 51 shows the absolute value of (∂T/∂x) plotted against CA ko for a large number of individual cycles for five different fuels at three different engine operating conditions with the engine running at 1500 r/min -the experimental details are in Kalghatgi et al. 4, 31, 51 There is a trend of decreasing (∂T/∂x) with CA but this trend appears to flatten out beyond CA ko of around 20 CAD ATDC (after top dead centre). Figure 9 shows the distribution of (∂T/∂x) in 5 crank angle degree windows for operating Condition 2 (blue circles in Figure 8 ) from Kalghatgi et al. 51 The number of knocking cycles in each distribution is shown in brackets in the legend. In this figure, the vertical axis is Figure 9 . Distribution of the absolute value of (∂T/∂x) in 5 crank angle degree windows of CA ko in Figure 8 for Condition 2. The number of cycles for each distribution is shown in brackets in the legend. Original in Kalghatgi et al. 51 Figure 8. Variation of (∂T/∂x) with crank angle at knock onset, CA ko -redrawn from Kalghatgi et al. 51 The number of cycles for each condition is shown in brackets in the legend. (17)) versus pressure at knock onset, P ko , for five different fuels from Kalghatgi et al.
the number of cycles in each bin of the histogram divided by the total number of cycles and the horizontal axis is the lower bound of each bin of the histogram -the area under each curve divided by the bin width should be unity. The general trend is that the most probable value of (∂T/∂x) and the width of its distribution decrease with increasing CA. Figures 8 and 9 support the following simple picture.
A turbulent temperature field is set up as fresh charge mixes with hot gases (residuals and boundary layers) in the cylinder. Initially, there are many scales and the mean temperature gradient in these turbulent structures can be expected to be large and the distribution of (∂T/∂x) will be wide. However, during the engine cycle, the turbulent field becomes more homogeneous with time (CA) with more mixing and the dissipation of smaller scales.
Of the three operating conditions considered in Figure 8 , Condition 3 had an intake pressure of 1.65 bar absolute and required retarded STs which resulted in later onset of knock compared to the other two conditions. The temperature gradient does not change much over this range of CA ko and the distribution of (∂T/∂x) 51 or (∂x/∂T) 4 is very similar for different fuels or different CA windows. Figure 10 (a) and (b) shows the distribution of (∂T/∂x) from Kalghatgi et al. 51 and the distribution of (∂x/∂T) from Kalghatgi et al., 4 respectively, for all the 1558 knocking cycles, with different fuels, for Condition 3. It appears that at this boosted operating condition, the most probable absolute value for (∂T/∂x) is around 2.0 K/mm. Coincidentally, this was the value arbitrarily chosen in the study of superknock in Kalghatgi and colleagues. 5, 7, 52 If large values at the tail of this distribution of (∂x/∂T) in Figure 10 (b) combine with large values of Z, there can be large values of KI. Stochastic processes affect the value of Z and lead to cycle-to-cycle variations in Z. Stochastic processes like turbulent mixing will affect (∂x/∂T) so that knock intensity (equation (16)) will also show stochastic behaviour. It is particularly important to recognize this stochastic nature of knock intensity when describing rare events such as superknock as discussed below.
Superknock
Extremely high-intensity knock events informally described as 'megaknock' or 'superknock' are found to occur occasionally in down-sized turbocharged engines even when operating conditions such as ST have been chosen to avoid knock. This is illustrated in Figure 11 , redrawn from the original in Kalghatgi et al. 52 The knock intensity in cycles S2 and K2 is 140 and 24 bar, respectively, significantly higher than the threshold value of 0.5 bar normally used. 4 At the onset of knock, both these cycles also have a comparable amount of unburned mixture available. Normal cycles, with the ST at 2.3°B TDC, knock with low knock intensity, if at all, on the high octane market gasoline used in this 2.0 L engine running at 1750 r/min and an inlet pressure of 2 bar abs. Such very high knock intensities can be explained in terms of DD. [5] [6] [7] 52 The analysis outlined in section 'Knock intensity' is valid only when values of u a (the velocity of the autoignition wave) are low. As the value of u a increases, the pressure wave can be strengthened by coupling with the autoignition wave. 6, [43] [44] [45] The amplitude of the pressure pulse would be greater than expected from equation (14) because of this non-linear interaction between the reaction front and the pressure wave. The autoignition reaction front and the pressure wave are fully coupled when j equals unity and detonation results. However, there is never enough space for this condition for detonation to be fulfilled in the confined space of an IC engine and hence, we can only contemplate DD. Bradley and colleagues 6, 45, 53 have also defined a 'reactivity parameter', e, defined as
where r 0 is the radius of the hot spot and t e is the 'excitation time' during which most of the energy from autoignition is deposited in the hot spot and a is the velocity of sound. A peninsula in the j and e plane can be found where DDs are most likely 5, 7, 45, 53 -see Figure 12 . j and e were calculated for the cycles shown in Figure 11 under some assumptions (e.g. r 0 = 5 mm (∂T/∂x) = 2 K/mm). 5, 7, 52 It was then found that Cycle N2 is well outside the DD peninsula; even if knock was to occur at such pressures and temperatures, knock intensity will be low and will be governed by equation (14) . Cycle K2 falls just inside the DD peninsula while Cycle S2 is deep inside the DD peninsula ( Figure 12 ). Such a theoretical framework has since been used by other groups to explain superknock events. [54] [55] [56] From Figure 12 , we can arbitrarily set a threshold for DD of j = 5. Figure 13 , redrawn from Kalghatgi et al., 4 shows the variation of j with the pressure at knock onset for five different fuels of different TN in relation to this threshold assuming the most probable value for (∂x/∂T) of 0.5 mm/K in Figure 7 . Incidentally, the TN for Fuel C and Fuel E is 72.3 and 84.5, respectively.
P ko has to be above a threshold value for j to be below the DD (superknock) threshold for each fuel ( Figure 13) . The greater the anti-knock quality of the fuel, that is, the higher the TN, the greater is this threshold pressure. Thus, in Figure 13 , with (∂x/∂T) at 0.5 mm/K, Fuel C (92 RON, 72.3 TN) would go into superknock if P ko exceeds about 79 bar while for ethanol to cross the DD threshold, P ko needs to be greater than 110 bar. However, there is a chance that in a particular cycle, (∂x/∂T) is larger, although this probability is smaller, and the DD threshold is crossed at a lower P ko . Thus, if (∂x/∂T) is 1 mm/K, ethanol could go into superknock even with P ko at 94 bar ( Figure 13 ).
The discussion above pertains only to how extremely high knock intensities are possible via DD. However, operating conditions are chosen to avoid knock in normal SI operation and autoignition at high values of P ko that are necessary (but not sufficient) for DDs and superknock to occur, can only happen because of another unintended/accidental/abnormal combustion event. Preignition is such a phenomenon.
Preignition
Preignition is a phenomenon where a stable flame is established before the spark fires, during the compression stroke -for example, cycles S2 and K2 in Figure  11 . The earlier in the cycle this occurs and the faster the flame development, the higher the pressure at knock onset and the more severe the knock/superknock event that might result. The mechanisms determining preignition are also stochastic and have been reviewed in Kalghatgi and colleagues. 5, 7 Two criteria have to be satisfied for a stable flame to be established. Figure 13 . j versus pressure at knock onset, P ko , for different fuels -redrawn from Kalghatgi et al. 4 The red line at j = 5 indicates the assumed threshold for developing detonation. Figure 12 . Location of the three cycles in Figure 11 within the DD peninsula. 7, 52 Ignition criterion
The temperature in a local area has to be increased sufficiently so that runaway chemical reactions start and an incipient flame is formed. In modern direct injection spark ignition (DISI) engines, flame initiation appears to be mostly away from internal surfaces. In older engines, this initiation was always associated with hot surfaces such as spark plug electrodes or hot spots on exhaust valves. In any case, the initial ignition centre cannot arise from autoignition of the fuel/air mixture since the ignition delays are too large during the compression stroke when preignition is seen to be initiated. The Livengood-Wu integral cannot attain unity so early in the cycle even for n-heptane (RON = 0), let alone a gasoline. Hence, the RON and MON of the fuel cannot be expected to have any influence on this initial step and multiple experiments confirm that this is the case.
The most plausible explanation is that in modern engines, droplets of mixtures of oil and fuel fly into the combustion chamber, vaporize and mix with oxygen and autoignite. Lubricant, like diesel fuel, can be expected to be very prone to autoignition since it is made up of large, straight chained hydrocarbons. There is also plausible experimental evidence that metallic lubricant additives, particularly calcium additives, promote preignition suggesting some catalytic effects might be in play. Higher pressure in the cylinder arising from turbocharging will make autoignition of such droplets more likely by reducing ignition delay.
Initiation criterion
A laminar flame can be self-sustaining only if its radius is larger than a critical value of the order of the laminar flame thickness, d, at a given P and T which is given by
Here n 0 and S L0 are the kinematic viscosity and laminar burning velocity, respectively, measured at some fixed P 0 and T 0 . The exponents, c and d, describe the dependence of the laminar burning velocity on pressure and temperature, respectively. The initial laminar flame then becomes a turbulent flame in the engine. In general, c is around 0.2 and d has been measured to be between 1 and 2.2 for different fuels. 5, 7 For liquid fuels, n 0 can be taken to be constant. All else being equal, the smaller the value of d, the greater the chance of finding an initial flame kernel that is large enough to satisfy the initiation criterion and the higher the probability of establishing a stable flame. Many experimental observations on preignition can be explained within this theoretical framework. 5, 7 For instance, it becomes easier to get autoignition of the oil droplets and d is also reduced as pressure is increased, for example, by turbocharging, making preignition much more likely. There is a reasonable inverse correlation between preignition resistance (PR) as defined by Ricardo and Hempson 57 and the maximum laminar burning velocity as reported in Farrell et al. 58 for different liquid fuels as illustrated in Figure  14 using data listed in Kalghatgi and colleagues. 5, 7 There is no correlation between PR and RON or MON. 5, 7 Hydrogen, which has high laminar burning velocity, is also known to be very prone to preignition. 59 Among liquid fuels, ethanol, which has high laminar burning velocity, is more prone to preignition compared to other liquid fuels. 5, 7 Using cooled EGR reduces the laminar burning velocity, increases d and makes preignition less likely. 60 
Summary
Knock limits SI engine efficiency. Knock is a stochastic phenomenon and some aspects of it are best described in probabilistic terms. It is initiated by autoignition in one or more hot spots in the end-gas. Parameters defining knock are not truly objective measures and are subject to experimental and modelling uncertainties that are unavoidable:
1. Knock onset is determined by chemical kinetics in the end-gas and depends on the pressure and temperature evolution with time and the fuel antiknock quality which is best described by the Octane Index (equation (1)). Even if the pressure during the cycle is known, temperature evolution in the hot spot has to be modelled under some assumptions. Still, knock onset can be very well predicted using simplified models for ignition delay and the Livengood-Wu integral. 2. Knock intensity (KI) is determined by the evolution of the pressure wave set off by knock onset. It depends on two stochastic parameters (equation (16)) -the reciprocal of the square of the Figure 14 . Inverse relationship between preignition resistance (PR) as measured by Ricardo and Hempson 57 and maximum laminar burning velocity measured at 3.05 bar and 450 K for different fuels. 58 Data listed in Kalghatgi and colleagues. 5, 7 temperature gradient (∂T/∂x) in the hot spot and Z (equation (17)), which in turn depends only on the pressure at knock onset (P ko ) for a given fuel and operating condition. Hence, KI can vary over a wide range even for the same engine operating conditions or knock onset parameters such as P ko . However, for the same P ko , Z decreases and hence the probability of high KI decreases as the fuel anti-knock quality (RON or TN) increases. 3. Superknock is very high-intensity knock observed in turbocharged engines even when operating conditions are chosen to avoid knock. It is a manifestation of DD which can occur if the pressure wave is amplified by coupling with the autoignition front as j (equations (10) and (18)) decreases. All else being equal, the probability of superknock increases as P ko increases and/or fuel anti-knock quality decreases. The primary operating principle in SI engines is to avoid knock. Hence, conditions required for superknock can only be provided by another stochastic abnormal combustion phenomenon -preignition. 4. In a preignition event, a stable flame is established before the spark plug fires. For this to happen, an ignition centre has to form to set off runaway chemical reactions but this cannot be because of autoignition of the fuel/air mixture because temperature and pressure are too low during the compression stroke when preignition is initiated. Hence, fuel anti-knock quality is not important for this stage. The initial flame kernel should be larger than a critical radius of the order of the laminar flame thickness to establish a stable laminar flame which develops into a turbulent flame. The probability of establishing a stable flame will be higher for a higher laminar burning velocity, all else being equal. Preignition becomes more likely as pressure is increased and is necessary but not sufficient to cause superknock.
Thus, several links in the chain of probability governing preignition and DD have to be completed for superknock to happen. Hence, it is rare and unpredictable but its likelihood increases as pressure in the cylinder increases. All else being equal, a fuel like ethanol with high laminar burning velocity will increase the chances of preignition but reduce the chances of superknock because of high RON.
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